Abstract-A dynamic model for a faulted surface-mount permanent magnet synchronous motor (SPMSM) is derived using a deformed flux model. In reflecting the internal turn short into the dynamics, the variations in inductance and back EMF term were considered. Then, the faulted model was transformed into the two synchronous dq-models: one for the positive sequence and the other for the negative sequence. Also, a torque equation, which shows the relation between the ripple and the negative sequence current, is derived. The negative sequence current should be suppressed to eliminate the torque ripple. The dual current controller is utilized for this purpose: in the dual controller, the positive and negative sequences are controlled separately in their own synchronous frames. Notch filters are utilized in each synchronous frame to extract positive or negative sequence component. Experiments were performed with an SPMSM specially designed to make an internal turn short artificially. The experimental results coincide well with the corresponding simulation results, and exhibit a strength of the dual current controller in suppressing the negative sequence current.
it degrades gradually, leading to internal turn short [8] . Furthermore, voltage spikes caused by the impedance mismatch are the major sources of internal turn short fault. Thus, terminal filters are used to reduce the voltage spike [9] .
Numerous works have been reported in the literature on modeling of internal fault motors and their control strategy [10] , [11] . The insulation failure often modeled with an additional resistance on the phase winding. It makes a closed loop which causes phase imbalance, complex coupling among phases, and a serious power loss. The phase imbalance leads to the asymmetry of the inductance, flux linkage, and resistance. If only the imbalance exists, the dynamics can be described perfectly with the use of negative sequence currents. The negative sequence components causes not only torque ripple at twice the input frequency but poor dynamic and steady-state performances [12] , [13] . However, the power loss at the closed loop would be another important reason for the torque pulsation. The complex phenomena depending on the fault resistance were studied by Vaseghi et al. [14] via finite element method (FEM) analysis. Kim et al. [15] and Tu et al. [16] utilized the winding function theory in deriving the dynamic equations for faulted brushless DC motors (BLDCs) and salient-pole synchronous motors, respectively. However, the geometrical parameters in the flux paths were not utilized properly in the inductance calculation.
In [17] and [18] , the small loop caused by internal turn short was barely described as an incurrence of a series resistor. Later, the modeling study was directed to the interaction between the air gap magnetic flux and a small current loop formed by turn short [19] . The circulating current in the loop was estimated from the impedance modeling.
In [20] , the dynamic behavior of a faulted motor was described by the spatial harmonics reflected in the back EMF, and the voltage degradation by the turn short was described as a result of flux linkage between the rotor field harmonics and the small loop.
Lee and Habetler [21] showed that the circulating current in the minor loop decreased in proportion to the rotor flux in induction machines. As a means to maintain the circulating current low while producing a desired torque, they suggested to use higher q-axis currents.
In [22] , high bandwidth current controllers were applied to suppress the negative sequence current. However, in practice, there are limits in achieving a high bandwidth owing to the inherent signal processing delay like sampling and DSP computation times. Due to this reason, the negative sequence current is not perfectly regulated in the positive sequence reference frame. In this paper, we developed a dynamic model for an internal short fault SPMSM based on the mathematical flux, current, and voltages separated by the positive and negative sequences. The dynamic equation is transformed into the two dq-synchronous reference frames (positive and negative sequence frames). To eliminate the negative sequence, we applied the dual current controllers. In order to separate positive and negative sequence currents, notch filters are employed in positive and negative synchronous frames, respectively. Simulation and experimental results support the validity of the proposed model and scheme. The proposed control method does not require any additional hardware.
II. FLUX LINKAGE OF INTERNAL TURN SHORTED WINDING
The motor considered in this paper is an SPMSM so that it does not have any reluctance torque component and the mutual inductance among phase windings is constant. We assume further that there is a short fault in a phase winding.
In the practical situation, the insulation failure in the stator coil results from high dV dt of the PWM wave. Specifically, the impedance mismatch between the cable and the motor terminal causes voltage spike, and its repeated applications degrade the coil insulation. The degradation is a gradual process: it begins with a partial insulation failure, which can be modeled with a resistor connection in a phase wining [3] , [23] . Finally, it develops into a short circuit between the coils, forming a small closed loop. It is called here internal short fault. Normally, insulation failures do not provide a perfect conduction path. Instead, the failed spot is described by a fault (insulation) resistance [3] , and we denote it by r f . Then, the voltage drop, r f i c will occur by the c-phase current. Here, it is assumed that all c-phase current flows through r f and that only the loop current, i f induced by the flux linking flows through the shorted portion of the coil. Fig. 1 shows a motor circuit with an internal turn short fault. We denote by Δ the ratio of shorted turns to the original turns, i.e., we let Δ = N short N ph , where N short is the number of turns between the shorted spots, and N ph is the number of turns per phase.
We denote by L m and L l the magnetizing and leakage inductances of normal phase windings, respectively. Then, the c-phase inductance will be reduced to
, since the inductance is proportional to the square of the number of turns. However, the mutual inductance between c and a-phase windings will be −
The same is true for c and b-phase windings. The stator inductance matrix is decomposed as the sum of healthy and disturbing terms [24] L sn + L sf (1) where
Obviously, L sn is the inductance of healthy motor, and L sf describes a disturbance caused by the turn short. It should be noted that c-phase inductance was broken down such that
, and that the former belongs to the healthy part and the latter the disturbing part. Note on the other hand that the inductance of the shorted part is equal to Δ 2 (L m + L l ). The c-phase coil resistance will be divided into (1 − Δ)r s and Δr s , where r s is the resistance of a normal phase winding.
The PM flux linkage by the c-phase winding can be separated into two parts: (1 − Δ)ψ m cos(θ + 2π 3 ) and Δψ m cos (θ +   2π 3 ), where θ is the electrical angle of the rotor. Specifically, θ = (P/2)θ m , where is P is the number of poles and θ m is the rotor mechanical angle. The former refers to the linkage of unshorted part, whereas the latter that of shorted loop. Note that ψ m is a constant which will appear as the back EMF coefficient in the later section. Thus, the flux linkage by the rotor PM is given by
We consider in the following the flux linking between the shorted loop and the remaining parts of the stator coils.
The shorted part and the remaining part of the c-phase coil can be seen as the primary and secondary windings of a transformer with the turn ratio of Δ : (1 − Δ), since the two parts are linked by flux fully. Therefore, the flux linkage of the shorted loop by i c is equal to 
T [14] . Therefore, the corresponding short circuit in the c-phase Considering all impedances and voltage terms in the above, the shorted loop can be described by the following elements:
Fig . 2 shows an equivalent circuit of a short fault motor, which also delineates not only the main part, but also the shorted loop.
III. VOLTAGE EQUATIONS FOR SHORTED TURN FAULT MOTORS
Including the effects of the circulating current, the stator flux linkage is given as (6) where
In a similar way, we obtain the flux linkage of the shorted loop
(7) Therefore, the voltage equation of the shorted loop is given by
IV. FLUX LINKAGE DECOMPOSITION
If the symmetry among the phases is collapsed, the negative and zero sequences take place, as well as the positive sequence.
Since there is no connection from the neutral point, there will be no zero sequence current. But, the voltage and flux variables will have zero sequence components.
The zero sequence of the flux linkage is given by
and define new flux variables such that
Then, it follows from (1), (2), (3), and (9), that
Note thatλ a ,λ b , andλ c are a set of variables without a zero sequence, and L sf of (3) was changed intoL sf correspondingly.
The transformation into the vectors in the stationary dq-frame is defined asλ λ dq s =λ ds + jλ qs ≡ 
where i
Note that L sn i abc is mapped into the stationary dq frame as [26] follows:
where
For the faulty part, we havẽ
and Re{·} means the real part of {·}. Now, we consider transforming the flux linkage by rotor permanent magnets. The zero sequence is equal to ψ 0 = 
Transforming the flux vector into the dq-frame, we obtaiñ
Finally, we consider transforming −ΔL c i f that accounts for the effect of the circulating current on the stator phase winding. The zero sequence is equal to
Thus, the new flux linkage variables by i f arẽ
Correspondingly, it can be expressed in the stationary dq-frame asλ
Summing the aforementioned transformed terms, we obtain from (17), (18), (24), and (28) that
It remains to group the positive and negative sequence parts separately. Note that e j θ = e j ω t belongs to the positive sequence group, whereas e −j (θ − 2 3 π ) the negative sequence group. Then, it results iñ λ λ
In the matrix form, (30) and (31) are represented as
Note that if we let Δ = 0, then δ = 0 andλ λ + dq s reduces to the normal case.
V. DYNAMIC MODEL OF INTERNAL TURN FAULT SPMSM
In order to describe the dynamics in the synchronous reference frame, it is necessary to change the stationary description into the (rotating) reference frame. However, the positive and negative sequences rotate in the opposite directions, i.e., λ λ dq s = (λ 
It should be also noted that e Jθ does not commute with B, i.e., e Jθ B = Be Jθ . Hereforth, the fault resistance is assumed to be zero, i.e., r f = 0. This assumption seems not impractical, since the insulation failure aggravates steadily to the shorted state. It follows from the resistance part of (6) 
Applying (40), (41) and (42) to (43) and (44), we obtain the voltage equations in the positive and negative synchronous frames (45) and (46) as shown at the bottom of the next page, where
The second-order harmonic terms were derived as a result of phase unbalance [20] . Note that the positive sequence dynamics (45) can be separated as the sum of the normal and disturbing parts, and that the disturbing part increases with Δ. It is observed from (46) that the negative sequence current vanishes as Δ, correspondingly δ, decreases. The positive and negative sequence parts are decoupled completely, but the circulating current i f and the stator current i abc interact to each other. The power, if it is written in the positive synchronous frame, is equal to 
The last term is a product of the EMF and current of the shorted loop. The shaft torque is obtained as
Note from (49) that cos 2θ or sin 2θ is multiplied to each negative sequence component. Therefore, the presence of negative sequence results in the torque ripple of the second harmonics. Considering (8), the steady-state solution of the shorted loop current will be i f = i f 0 sin(θ + φ) for some i f 0 and φ. Thus, Δi f ωψ m sin(θ + 2π 3 ) also contributes to generating the torque ripple of the second harmonics [24] .
VI. DUAL CURRENT CONTROLLER FOR SPMSM WITH INTERNAL TURN FAULT
The negative sequence current is seen as an ac field of 2ω in the positive synchronous frame. Therefore, apart from the torque ripple, the negative sequence current causes the eddy current loss in the PMs, elevating the PM temperature. Note that the neodybium magnets are prone to be demagnetized as the temperature increases. To attenuate the torque ripple and to decrease the possibility of demagnetization, the negative sequence current must be regulated.
We use the techniques, namely the dual control [27] [28] [29] [30] to annihilate the negative sequence currents, while pursuing a desired control performance. The whole control block diagram is shown in Fig. 3 , in which two synchronous frames are utilized: in the positive synchronous frame, i + dq e is controlled to achieve a desired torque or speed control. However, in the negative synchronous frame, i − dq e is regulated to zero. Therefore, in the dual controller the positive and negative sequence components are controlled separately.
A. Separation of Positive and Negative Sequence Components From the Measured Current
For the feedback control, both i + dq e and i − dq e need to be measured separately. Note that in the positive synchronous frame, i + dq e is a dc, whereas i − dq e is an ac. But in the negative synchronous frame, the situation is reversed. Therefore, they are measured separately through the use of synchronous frames and a notch filter. To be more specific, we denote measured currents by [NF] Fig. 3 . Dual controllers which utilizes both positive and negative sequences around feedbacks for a short fault SPMSM.
Similarly, it follows in the negative synchronous frame that 
Note from (52) and (53) that the positive (negative) sequence component appears as a dc in the positive (negative) synchronous frame, whereas the negative (positive) sequence component appears as an ac component of 2ω in the positive (negative) synchronous frame. The positive and negative sequences are selected separately by removing the ac component in their frame. In this study, we utilize an adaptive notch filter [31] [32] [33] as shown in Fig. 4 , since it is simple to construct by a software. The closed-loop transfer function appear as [31] [
where σ, being the inverse of the Q-factor, determines the sharpness of the filter. As shown in Fig. 4(b) , ω c is the center frequency of the notch. Another merit of this adaptive notch filter is that Qfactor is controlled easily without affecting the notch frequency.
In this study, we denote the notch filter by [NF] , and let ω c = 2ω and σ = 3. The sharpness of the notches for σ = 1, 3, 10 are shown in Fig. 4(b) . 
B. Current Controllers
Both positive and negative components are controlled separately by the proportional-integral (PI) controllers. The In the positive synchronous frame, the controller output voltages are determined by de is used for the field weakening of the PM field. The PI gains should be traded between a wide control bandwidth and the system stability.
As mentioned earlier, the negative sequence current must be regulated to zero to eliminate the torque ripple and reduce the eddy current in the PMs. Therefore, the negative dq-voltages in the negative synchronous frame are chosen as
where i Note that the positive and negative sequence currents are controlled separately, and that the voltage commands are summed after being transformed into the stationary frame. Specifically,
Then they are converted as the PWM signals by the space vector modulation block.
VII. SIMULATION RESULTS
It was shown in Section V that the PMSM dynamics with an internal turn short fault were described by the sum of positive and negative sequence models (45) To verify the validity of the aforementioned dynamic models, simulations were performed by using MATLAB, Simulink. Parameters of a motor are listed in Table I . First, we calculate the phase current, (i as , i bs , i cs ) based on the original abc-model (6) . Fig. 5 shows a 75-Hz applied voltage and the resulting currents at no-load condition. The c-phase winding is assumed to have an internal turn short fault with Δ = 0.3. Therefore, i cs is larger than the others. Then, we transform it into the one, (i de , i qe ) in the (positive) synchronous frame. 
That is, the negative sequence component is also mapped into the positive synchronous frame. Finally, we compare (i de , i qe ) with (i de , i qe ) which was obtained previously via the abc-model. The difference between (i de , i qe ) and (i de , i qe ) is shown in Fig. 6(b) . It should be noted that the two solutions are very close, meaning that the proposed dynamic model yields the same current that was obtained via a coordinate transformation from abc-phase currents. It addresses that (66) and (65) are valid for describing the current dynamics of short fault SPMSMs. Moreover, the shorted circuit model was simulated at 10, 75, and 175 Hz (rated speed), and the corresponding circulating currents are shown in Fig. 7 .
VIII. EXPERIMENTAL RESULTS
Photos of a test motor and an inverter are shown in Fig. 8 . The motor parameters are the same as the ones used in simulation (see Table I ). It has 72 turns in each phase. But, 24 intermediate taps were drawn out for test purposes. Turn short faults can be made artificially by connecting taps with a wire. In this experiment, a 33% internal turn short was made in the c-phase so that Δ = 0.33. The dual control algorithm was implemented in a DSP board using TMS320F28335. The PWM frequency was 8 kHz, and the dc-link voltage was 48 V. Fig. 9 shows that the simulation and experimental results when the conventional current control algorithm was executed. By "conventional," we mean a current controller that utilizes just the positive synchronous frame. Simulation results are shown in the left column, and the corresponding experimental results in the right column. Fig. 9(a) shows the abc-currents, whereas Fig. 9(b) shows the dq-currents. Note that the unbalance in the abc-currents and the current ripples in the dq-currents were caused by the unregulated negative sequence current. Note also that the ripple frequency (150 Hz) is two times higher than the fundamental frequency (75 Hz). Fig. 10 shows that the simulation and experimental results when the dual current control algorithm was applied with the decoupling feedbacks shown in Fig. 3 . Simulation results are shown in the left column, and the corresponding experimental results in the right column. Fig. 10(a) shows the abc-currents, whereas Fig. 10(b) shows the dq-currents. Note that the unbalance in the abc-currents was cured and the current ripples in the dq-currents disappeared. This indicates that the negative sequence component was regulated perfectly. We set K d-current. Fig. 11 (a) shows a result with the conventional controller: the elliptic curve represents the presence of a negative sequence. However, Fig. 11 (b) shows a result with the proposed dual controller: It results in a circle, which demonstrates the elimination of the negative sequence caused by the short fault. Fig. 12 shows the results of dq-current harmonic analysis. Similarly to Fig. 11 , performances of the two controllers are compared: with the conventional controller, the negative sequence current, being seen as the second order harmonics, was not eliminated as shown in Fig. 12(a) and (b) . However, with the dual controller and the proposed decoupling scheme, most second-order harmonics disappear as shown in Fig. 12(c) and  (d) .
Moreover, Figs. 13 and 14 show the current waveforms of 100 r/min and 3500 r/min, respectively. Note that in the lowspeed operation, currents are distorted less. As is expected from (8) , the magnitude circulating current increases as the rotational speed increases. Fig. 13(c) and (d) shows the three-phase and dq currents when the proposed control algorithm was applied. Improvements are observed when they are compared with the Fig. 15 . Experimental result of a constant speed control : dq-current and phase current when the load torque changes from 50% to 100% and then to 50% at 1000 r/min. conventional results shown in Fig. 13(a) and (b) . However, as speed increases, the current is more distorted. Fig. 14(a) and (b) shows the currents at a rated speed (3500 r/min). Current imbalancing is observed in the phase currents, and current fluctuation appears in the d, q-currents. The circulating current, being significant, impedes the achievement of a desired torque. Specifically, with the rated current only 70% of the rated torque was achieved. Fig. 14(c) and (d) shows the results with the proposed control algorithm. The negative sequence components, appearing as ac signals in the positive synchronous frame, were remarkably reduced. Due to the phase lag of the notch filters and the sampling delay of currents, the negative sequence was not removed perfectly. Fig. 15 also shows the dq-and phase currents at 1000 r/min when the load changed from 50% to 100%, and then to 50% of a rated torque.
IX. CONCLUSION
Internal turn short fault causes asymmetry (among phases) in the flux equation. The effects of faults were modeled not only in the inductance matrix, but also in the back EMF vector. The abcframe dynamics of the faulted motor were transformed into the ones in the dq-frame: in the dq-frame, the current is represented as the sum of positive and negative sequence currents. The positive sequence dynamic model was derived in the synchronous frame rotating counterclockwise, whereas the negative sequence dynamic model was derived in the synchronous frame rotating clockwise. That is, a complete description of an internal turn short fault motor was obtained via three dynamic models: positive sequence model, negative sequence model, and shorted loop model. Aside from the mathematical derivation, the proposed model was verified through simulation and experimental results. We compared the results of the abc-frame and the proposed dq models after a coordinate transformation.
As a control method, the dual control method was utilized, in which both positive and negative sequence currents are controlled separately in their own frames. The positive sequence current components are separated using a notch filter in the positive sequence synchronous frame, whereas the negative sequence current components in the same way in the negative sequence synchronous frame. Furthermore, nonlinear decoupling feedback was utilized. The validity of the dual controller was demonstrated by both simulation and experimental results. Specifically, the dual controller performed well in eliminating the negative sequence component. Therefore, the proposed dynamic model and control method look effective in controlling the internal turn short motor.
